Amorphous silicon powders prepared by plasma-enhanced chemical vapor deposition, of 8-24-nm-sized particles agglomerated into larger aggregates were annealed in a reducing atmosphere to study the phase transformation behavior of these particles. High-resolution electron microscopy revealed a very rough surface, with structural details of 1 to 2 nm, of the as-prepared single powder particles. Upon 1 h annealing at temperatures between 300 and 600°C circular contrast features, 1.5-2.5 nm in size, are observed in the amorphous particles, hinting to the formation of a medium-range order. A distinct onset of crystallization is achieved at 700°C, with structures ranging from very small crystalline ordered regions of 2.5-3.5 nm in size, to fast-grown multiply twinned crystallites. Rapid progress of crystallization, mainly caused by growth twinning, is observed upon annealing at 800°C. At 900°C, almost completely crystalline particles are formed. The particles having lattice characteristics of diamond cubic silicon frequently exhibit a faulted structure, because of multiple twinning events. They are covered by an amorphous oxide shell of a 1.5 to 2 nm thickness, which is found to develop with the onset of crystallization. Size and surface roughness of the as-prepared powders are widely preserved throughout all stages of heating, and practically no sintering occurs up to 900°C.
I. INTRODUCTION
Nanostructured materials are being actively studied in recent times, due to their unique size-dependent properties, which opens up possibilities for new applications. [1] [2] [3] Because of the importance in microelectronics fabrication processes, special attention is being paid to studies on silicon powder generation and control in low-pressure silane plasmas. 4 The microstructural properties of such particulates depend on cluster generation processes taking place during powder synthesis.
Electron induced dissociation of silane and subsequent polymerization reactions of negatively charged ions lead to the formation of hydrogenated primary silicon clusters Si n H x (xϳ1.4ϫn). 5 Agglomeration of such primary clusters results in the formation of the powder particles. 6 Standard powder characterization techniques, high-resolution electron microscopy ͑HREM͒, optical spectroscopy, and Raman and infrared spectroscopy have been utilized to determine the properties of the as-prepared powders. [6] [7] [8] There is some evidence that upon thermal treatment, preformed structures, such as the primary clusters mentioned above, may act as seeds in the crystallization of amorphous semiconductor materials. [8] [9] [10] The growth of stable crystallites proceeds by rearranging atoms at the amorphous-tocrystalline interface. Recent work on the crystallization of amorphous semiconductor thin films strongly suggests that lattice defects, such as twins, play an important role in the growth of the crystalline phase. [10] [11] [12] This study is undertaken in the frame of efforts to optimize the synthesis of silicon-based materials for the fabrication of particulates with defined microstructure. This may be achieved by controlling the size, shape, and agglomeration of powder particles during plasma synthesis, followed by the generation of crystalline ordered structures of various extension upon post-deposition thermal treatments. To this aim HREM is well suited for the required structural characterization down to the atomic scale resolution. Here, we will report on the structure and crystallization behavior upon annealing up to 900°C of amorphous silicon particles studied extensively by HREM. These results will be interesting for understanding the phase transformation behavior in silicon nanoparticles that can also be extended to understand the sintering processes for the preparation of both structural and functional ceramics, as well as for studying confinement effects in silicon nanostructures.
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II. POWDER PREPARATION, TREATMENT, AND EXAMINATION
Powders were obtained by the decomposition of silane in a capacitively coupled radio-frequency plasma-enhanced chemical vapor deposition system at room temperature. The processing was carried out with semiconductor pure silane gas at a flow rate of 30 sccm and 0.1-mbar pressure to achieve a low-pressure silane plasma. Further details of the experimental setup have been reported elsewhere. 7 Thermal treatment of the powders were carried out in a reducing atmosphere to avoid oxidation of the powders in forming gas ͑92% nitrogen and 8% hydrogen͒ at various temperatures ͑300-900°C͒ for 1 h or longer periods. Powders exhibiting a reddish-brown to yellowish-orange color that changed to blackish-brown upon annealing, were dispersed by ultrasonic agitation into isopropyl alcohol and then transferred to carbon-coated copper grids for electron microscopy inspection. A holey carbon film covering the copper microgrids was used to allow HREM imaging without support disturbance.
Conventional electron microscopy in support of the highresolution work was done in a JEM 100 C operated at 100 kV. HREM was carried out in a JEM 4000EX operated at 400 kV. Electron micrographs were taken with the objective lens appropriately defocused, so as to achieve optimum contrast ͑i.e., near Scherzer defocus͒ of the amorphous particles and to allow imaging of the channels characteristic of the lattice of ͑110͒ oriented crystallites as bright dots. With an electron beam current density of less than 10 A cm Ϫ2 applied during examination, no changes in the observed structures were observed. Real and Fourier space image processing of the micrographs, recorded at 5ϫ10 5 magnification and digitized with an eight bit depth of gray level, by means of the NIH ''Image'' 14 and GATAN ''Digital Micrograph'' programs aimed at noise reduction, contrast enhancement, and reciprocal space characterization.
III. RESULTS AND DISCUSSION
As HREM is well suited to characterize the structural peculiarities of individual powder particles, it needs comparison and a rating in order to extract information on the great many particles forming the powder. The results presented in the following, by observing this demand, are interpreted and discussed in the context of optical, Raman, and infrared spectroscopy results, as well as in the light of the literature on cluster stability and solid phase crystallization of group-IV semiconductor materials.
A. As-prepared powder structure
The as-prepared powder particles are agglomerated in a blackberrylike or cauliflowerlike shape, as shown in a conventional electron micrograph ͓Fig. 1͑a͔͒. The nearly spherical particles of 8-24 nm in size form a highly porous body of powder having a large specific surface area ͑ϳ162 m 2 g Ϫ1 ͒.
6 HREM micrographs as the one shown at low magnification in Fig. 1͑b͒ reveal an amorphous contrast appearance throughout the material. This observation is confirmed by the diffuse rings observed in the selected area electrondiffraction ͑SAED͒ pattern, Fig. 1͑c͒ , corresponding to the bright-field image of Fig. 1͑a͒ . Figure 2 shows two individual amorphous particles having an irregular surface with roughness down to the scale of 1-2 nm. The high surface roughness reflects on the particle formation process by the agglomeration of primary clusters. Typical Raman spectra of the as-prepared powder ͑phonon band at 507 cm
Ϫ1
͒ show the optical-phonon band downshifted by approximately 10 cm
, as compared to bulk crystalline silicon ͑phonon band at ϳ520 cm Ϫ1 ͒. 7 This downshift can be attributed to arise from confinement effects, due to the 2-3 nm-sized clusters, which are observed in the HREM images.
B. Formation of medium-range order
Upon mild annealing for 1 h between 300 to 600°C, no apparent structural changes were observed. However, careful inspection of the dark-field image revealed nonuniform bright specks, as shown in Fig. 3 , which points to a nonhomogeneous atomic distribution. Correspondingly, circular contrast features extending from 1.5 to 2.5 nm in size, as marked by circles in Fig. 4 , could be observed in HREM images. Presumably, they are due to partially ordered re- gions, which possibly are present already in the as-prepared powder and become more pronounced upon annealing. Image contrast calculations, according to appropriate structural models, which are under way now, 15 will help to substantiate this observation. Fivefold twinned structures formed upon annealing at higher temperatures suggest the presence of preformed clusters of medium-range order having noncrystallographic symmetry, which serve as seeds in the amorphousto-crystalline transition. It is obvious to assign these seeds to the primary clusters formed during the particle synthesis process. 5, 8 The stability of clusters of carbon, silicon, and germanium, having a cage or a cage-core configuration, and their possible role in crystallization of the diamond cubic ͑dc͒ materials has been discussed in the literature. Hydrogenated carbon clusters C15 and C20, the carbon cage of which corresponds to the hydrocarbon molecules hexacyclopentadecane and dodecahedrane, respectively, are believed to be effective in the formation of diamond from methane. 16 Similarly, a Ge 15 cluster is believed to form the nucleus of fivefold twinned structures in thin-film formation processes by physical vapor deposition. 17 Attachment in a crystallographically favorable position of atoms from the surrounding amorphous phases on the 15 atoms seed, as sketched in perspective view in the upper part of Fig. 5 , will lead to a fivefold twinned crystallite, shown in ͑011͒ projection with the seed encircled in the lower part. C20, a cluster with dodecahedral shape, is found to have the lowest energy as compared with ring or with corannulenelike bowl models. 18 Stability calculations also predict the existence of larger clusters such as Si33, Si39, and Si45, with various cage-core configurations. [19] [20] [21] A common feature of all these models is the presence of inherent noncrystallographic symmetries ͑pentagonal rings͒ which, because of a possibly enhanced nucleation probability, may play an essential role in the formation of crystalline phases.
C. Onset of crystallization
Prolonged annealing of the powders at 600°C ͑5.5 h͒ results in numerous circular contrast features in HREM images, as shown in Fig. 6 . A medium-range order manifests itself to an increasing extent, and with enhanced visibility, even at moderate annealing temperatures. Upon exceeding a critical size, which is estimated to be about 3 nm, 22 stable crystallites may nucleate around these localized ordered ar -FIG. 3 . Dark-field image, recorded by using the intensity of the first diffusive ring ͓cf. Fig. 1͑c͔͒ , of the powder after 1-h annealing at 600°C .   FIG. 4 . HREM image of an individual amorphous particle with circular contrast features ͑some marked by circles͒ after 1-h annealing at 600°C. eas where the growth could proceed by rearrangement of atoms at the amorphous-to-crystalline interface. Depending on the crystallographic nature of this interface, there can be a pronounced difference of growth rates in the dc lattice. 23 The portion of ͕111͖ faces formed at a growing crystallite will prevail over that of other faces, even for very small sizes, unless there are appropriate defects that enable ͕111͖ layer growth.
Upon 1-h annealing at 700°C, crystallization distinctly sets in. The SAED pattern shown in Fig. 7 exhibits dotted rings superimposed on diffuse broad rings, which is characteristic of a low-dimensional crystalline phase in an amorphous matrix. Frequent events of small-scale crystalline ordering are observed, as shown in Fig. 8 , where the diffractogram obtained by fast Fourier transform ͑FFT͒ of the image exhibits faint ͕111͖ spots. In addition, fast-grown fivefold twinned crystallites occur, an example of which is shown in Fig. 9 . The corresponding diffractogram ͑FFT͒ clearly exhibits ten spots of a ͕111͖-type of the five mutually twinned units azimuthally rotated to each other by about 72°.
The nontwinned crystallites are mainly bounded by ͕111͖ faces, where further growth is largely restricted. 23 Therefore, they rarely grow to observable sizes as compared to fivefold twinned crystallites, which exhibit rapid growth along the fivefold twin junction, as well as along the twin boundary directions. 24 Already at this stage of crystallization growth twinning is observed. Since the excess twin energy is rather small, growth twinning, schematically represented in Fig. 10 , is very common in dc semiconductor materials. [10] [11] [12] 16, 17, [24] [25] [26] The growth of stable crystallites proceeds by rearrangement of atoms at the amorphous-to-crystalline (a -c) interface ͑dashed line͒. The ͕111͖ layer growth requires nucleation of three atoms ͑shaded͒, that may be stacked in regular or in twin position, to form a step. Rapid growth is enabled by twinning on ͕111͖, since preferred nucleation sites, requiring rearrangement of only two atoms, are provided at the twin boundary reentrant edges ͑arrows͒. The overlay in the center of the scheme represents the HREM image contrast achieved by appropriately defocusing the objective lens to allow imaging of the channels, characteristic of the ͑110͒ crystal projection, as bright dots. Typical structures formed by growth twinning are shown in detail in Fig. 11 . Repeated twinning on alternate twin planes lead to the formation of parallel and azimuthally rotated twin lamellas and of additional multiple twin junctions ͑encircled, with the enlarged circle showing the original fivefold twin junction͒. Because of noncorrelated twinning events higher-order twin boundaries 27 are also formed between twins that lack a simple mirror orientation with respect to ͕111͖ faces to adapt lattice misalignments ͑arrow͒. By further growth of neighboring units, these sites of inhibited growth become grown-in configurations of higher energy.
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D. Progress of crystallization and formation of an oxide surface layer
Raman spectroscopy of the powders indicated increasing crystallinity upon 1-h annealing at 700-900°C. 7 The downshifted phonon peak of ϳ507 cm Ϫ1 sharpens with higher annealing temperature, suggesting an increase in the volume fraction of the crystallites in the material. This peak, downshifted from the Raman peak of crystalline bulk Si at 520 cm
Ϫ1
, suggests a size confined crystalline structural arrangement. A closer insight in the progress of crystallization upon annealing at 800-900°C is obtained by HREM. In almost all particles, an extended crystal lattice with characteristics of dc Si appears. Because of extensive growth twinning a heavily faulted structure, from which Fig. 12 gives an example, is observed in many particles. Tensile stresses arising from volume contraction during crystallization 28 may be relieved by partial dislocations passing through the lattice thereby creating stacking faults 29 in the two-dimensional twin networks. An overview of the powder upon annealing for 1 h at 900°C is given in Fig. 13 . The thermal treatment results in almost completely crystallized particles having a nanocrystalline fabric characterized by a high density of twin boundaries of various order. No considerable change in particle size and the degree of agglomeration was observed. Visualization of the crystal lattice mainly is supported by imaging of ͕111͖ lattice plane fringes. Because of the mirror orientation of twinned crystallites first-order twin boundaries are easily recognized. Besides amorphous remnants in the interior of particles, an amorphous shell covering the crystalline cores is distinctly visible.
According to infrared spectroscopy 30 already in the asprepared powder, a minor quantity of oxygen is present. Rapid formation of silicon oxide, which is presumed to be nonstoichometric, begins with annealing at temperatures of about 350°C. The formation of an oxide shell was clearly visible by HREM, only in samples annealed at 700°C or higher, as can be observed by comparison of the images shown in Fig. 14 . Oxidation may have taken place, due to the traces of oxygen present in the annealing atmosphere or the rearrangement of the oxygen atoms, which are known to be present in the as prepared powder after exposure to the atmosphere. At 900°C the oxide surface layer evolves to a thickness of about 2 nm. Because of this oxide layer, sintering of particles is effectively prevented.
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IV. CONCLUSIONS
Crystallization of amorphous nanosized silicon powders has been achieved by means of defined annealing procedures. The crystallization is preceded by medium-range order formation, probably with the primary clusters formed during the powder synthesis serving as seeds. Besides smallscale crystalline ordering, from the very beginning of crystallization fast-grown fivefold twinned crystallites occur. The crystallization proceeds mainly by growth twinning, leading to a heavily faulted structure of the dc lattice. During heating surface roughness, particle size and the extent of agglomeration are widely preserved. At 700°C and above, an amorphous oxide surface layer is formed that effectively prevents sintering of the powder. Crystallization and surface oxide formation, governed by local structural conditions, lead to a variety of structures reflecting the nonhomogeneity of the as-prepared powders. Efforts are in progress now to find out routes for the production of more uniform materials that allow us to obtain particulates with a controlled microstructure. 
